Background. Limited data exist regarding the radiographic and histologic response of soft tissue sarcoma (STS) to neoadjuvant radiotherapy (RT). Methods. Between February 2000 and January 2009, a total of 25 patients aged [16 years with intermediate-or high-grade primary STS of all sites were treated with neoadjuvant RT followed by definitive resection. Patients receiving chemoradiotherapy were excluded. Cross-sectional images obtained before and after RT as well as pathologic specimens were reviewed for maximal change in tumor diameter and percentage tumor necrosis, respectively. Clinicopathologic variables were analyzed for their association with pathologic and radiographic response.
patients demonstrated progressive disease, 20 demonstrated stable disease, and 0 demonstrated partial/complete response. The median pathologic percentage tumor necrosis was 30% (range, 5-100%). Two tumors (8%) demonstrated near-complete pathologic response (C95% necrosis). Near-complete pathologic response was associated with favorable oncologic outcomes, although these associations were not statistically significant. Conclusions. Radiologic and near-complete pathologic responses are rare events after preoperative RT for STS. Near-complete pathologic response may be a potentially meaningful surrogate marker for disease outcome and is not predicted by RECIST response. Knowledge of these historical response rates is important for the evaluation of novel neoadjuvant therapies for patients with STS.
External-beam radiotherapy (RT) is an important component of the multimodality treatment of patients with localized soft tissue sarcoma (STS) and has contributed substantially to both effective local disease control and successful limb-sparing surgery. 1 Since the publication of the landmark National Cancer Institute of Canada randomized trial comparing preoperative to postoperative RT for patients with extremity STS, preoperative RT for STS has been widely accepted. Although oncologic outcomes are essentially equivalent regardless of the timing of RT, many clinicians favor preoperative RT because treatment fields are well-defined and long-term, potentially irreversible, RT-related complications are fewer. 2, 3 Among patients with retroperitoneal sarcoma (RPS), data examining the use of preoperative RT are predominantly limited to single-institution phase II trials. [4] [5] [6] [7] Although these trials have reported favorable results, neoadjuvant RT for RPS remains controversial, and a recent randomized phase III trial of preoperative external beam radiation with resection compared to resection alone sponsored by the American College of Surgeons Oncology Group was closed early because of poor accrual.
Nevertheless, interest in preoperative RT for patients with extremity and retroperitoneal STS remains widespread, and ongoing studies are investigating the role of preoperative RT for STS, particularly when administered in combination with novel targeted agents (http://www. clinicaltrials.gov/ct2/results?term=neoadjuvant?sarcoma). Given the interest in investigational treatment approaches combining preoperative RT with novel agents, we sought to determine our historical response rates to neoadjuvant RT monotherapy to provide a benchmark for comparison in future studies. We also sought to determine whether the surrogate end points of pathologic and radiologic response to preoperative RT were associated with definitive oncologic outcome.
PATIENTS AND METHODS
From February 2000 and January 2009, a total of 45 patients with localized STS were treated with neoadjuvant external beam RT followed by resection with curative intent. These patients were prospectively entered and tracked in a computerized cancer center database. Fourteen patients with low-grade primary tumors and six patients who received combination preoperative chemoradiotherapy were excluded from this analysis. The remaining 25 patients formed the basis of this study.
Preoperative RT was administered in 2-Gy fractions over 25 sessions for a total dose of 50 Gy. Surgical resection was performed approximately 4 to 6 weeks after the completion of RT to allow for acute toxicities to resolve.
After approval for this study by the Institutional Review Board, clinical, pathologic, and treatment data were reviewed and analyzed with respect to percentage pathologic necrosis in the tumor specimen at the time of surgical resection as well as Response Evaluation Criteria in Solid Tumors (RECIST) response on pre-and post-RT crosssectional imaging. Local recurrence-free survival, distant recurrence-free survival, disease-specific survival, and overall survival were also calculated.
Hematoxylin and eosin-stained slides were reviewed in a blinded fashion by a single STS pathologist (D.B.). The percentage of histologically intact tumor and the percentage of necrotic tumor were scored per slide, and the mean percentage of tumor necrosis was calculated for the entire specimen, excluding nonneoplastic tissue. The median number of stained slides examined per patient was 10 (range, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Cross-sectional images obtained before and after RT were reviewed by a single musculoskeletal radiologist (W.M.) in a blinded fashion. Among extremity STS, magnetic resonance imaging was used exclusively in all 18 cases. Among retroperitoneal STS, magnetic resonance imaging was used in five of seven cases, computed tomographic scan in one of seven cases, and both modalities in one of seven cases. Tumors were evaluated in three dimensions, and maximal tumor diameter was ascertained. Percentage change in maximal radiographic tumor dimension and RECIST response were calculated (http://ctep. cancer.gov/protocolDevelopment/docs/recist_guideline.pdf).
Data were collected on age, sex, tumor location, histologic type, primary tumor size, maximal tumor diameter, histologic grade, tumor depth, margin status, extent of resection, presence of myxoid histology, and disease recurrence. Major wound complications were classified according to standardized definitions.
Histologic grade was classified by a three-tiered system (grade I through III). Age was determined from the date of diagnosis of the primary tumor. Depth was categorized as either superficial or deep to the investing fascia. By convention, size of the primary tumor was divided into three groups: B5 cm, [5 cm but B10 cm, and [10 cm. Sites included extremity (upper at or distal to the shoulder/axilla, and lower at or distal to the buttock/groin) and retroperitoneal.
Histologic diagnosis was assigned by the published criteria of the World Health Organization Classification of Tumors of Soft Tissue and Bone. Margin status was determined either clinically (R2 for gross residual tumor left behind) or as part of the histopathologic assessment (R1 for microscopically positive margins, and R0 for microscopically negative margins).
The date of recurrent disease was defined either by biopsy or by the radiographic detection of suspicious lesions when no biopsy was performed. Peritoneal recurrences of intra-abdominal and RPS were considered local recurrences, whereas liver metastases were considered distant recurrences. Follow-up was counted from the date of diagnosis until the date of death or date of last followup. Freedom from local recurrence was counted from the date of resection. Patients who were free from recurrence or death were censored according to the date of their last follow-up.
Summary statistics were reported as mean ± standard deviation with median (range) where appropriate. Statistical analyses were performed by SAS version 9.1 (SAS Institute, Cary, NC). Nonparametric numerical variables were compared by the Mann-Whitney U-test for two groups or the Kruskal-Wallis test for three groups. The Kaplan-Meier approach was used to estimate survival curves, and survival differences were analyzed by the log rank test. 8 Significance was set at P \ 0.05.
RESULTS

Patient and Tumor Characteristics
The clinicopathologic characteristics of the patient cohort are depicted in Table 1 . The median age was 62 years (range, 22-86 years), and 56% were women. The site of primary tumor was most commonly the lower extremity (44%); there was an equal prevalence of upper extremity (28%) and retroperitoneal (28%) tumors. The median maximal tumor diameter was 9 cm (range, 3.3-35 cm), 88% were of high grade, and 96% were located deep to the investing fascia. Seven histologic subtypes were present, including malignant fibrous histiocytoma/ pleomorphic sarcoma (32%), leiomyosarcoma (24%), and myxoid/round cell liposarcoma (20%).
Among 18 patients with extremity tumors, 17 (94%) were managed successfully with limb-sparing surgery (Table 2) . One patient underwent a hip disarticulation for a 24-cm proximal thigh pleomorphic sarcoma involving the posterior and medial compartments from the inferior pubic ramus to the popliteal fossa. An R0 resection was achieved in 84% of patients, and there were no R2 resections. Major wound complications (as defined by O'Sullivan et al.) occurred in seven patients (28%). These were more common with lower extremity tumors. Includes four patients (16%) requiring secondary operation for wound repair, two patients (8%) requiring readmission for wound care, and one patient (4%) requiring an invasive procedure for wound management
Oncologic Outcome
With a median follow-up of 19 months (range, 4-113), 3-year overall survival, local recurrence-free survival, and distant recurrence-free survival were 80, 100, and 59%, respectively (Fig. 1) . Disease-specific survival was 88% (data not shown). As depicted in Table 2 , seven patients developed distant metastases, 3 of whom died of disease. One patient was rendered free of disease after pulmonary metastasectomy, and three patients received systemic chemotherapy for metastatic disease.
Radiographic and Pathologic Response and Association with Outcome
As depicted in Table 2 , the median percentage change in maximal tumor diameter on serial cross-sectional images before and after RT (before resection) was 0% (range, -25 to ?86%). This corresponded to 0 complete/partial responses by RECIST, 20 stable disease (80%), and 5 progressive disease (20%). The distribution of these radiographic responses is shown in Fig. 2a .
The median percentage pathologic necrosis on histologic examination of the resected specimens was 30% (range, 5-100%). Two tumors (8%) demonstrated complete or near-complete pathologic response (C95% necrosis) after preoperative RT. The distribution of tumor necrosis per patient is depicted graphically in Fig. 2b .
As depicted in Fig. 3 , complete or near-complete pathologic response was associated with favorable distant recurrence-free survival (100% 3-year event-free survival vs. 59% 3-year event-free survival). This association, however, was not statistically significant (P = 0.50). 
Predictors of Response
As depicted in Fig. 4 , tumors with myxoid histology demonstrated significantly more tumor necrosis after preoperative RT than tumors without myxoid histology (mean percentage necrosis 69 ± 27% for myxoid histology vs. 29 ± 28% for nonmyxoid histology, P = 0.003). In contrast, none of the following demonstrated statistically significant differences in percentage tumor necrosis after preoperative RT: grade (intermediate grade mean percentage necrosis 50 ± 20% vs. high 39 ± 33%, P = 0.34); location (retroperitoneal mean percentage necrosis 24 ± 13% vs. upper extremity 38 ± 32% vs. lower extremity 52 ± 39%, P = 0.50); size (\5 cm mean percentage necrosis 10 ± 4% vs. 5-10 cm 44 ± 29% vs.
[10 cm 42% ± 40%, P = 0.33); and RECIST response (stable disease mean percentage necrosis 41 ± 33% vs. progressive disease 37 ± 33%, P = 0.88).
DISCUSSION
RT is an important component of local therapy among patients with STS of the extremity and body wall. 1 It has been shown to reduce local recurrence rates by 20% to 25% relative to radical resection alone. 9 For patients with RPS, interest in preoperative RT remains widespread because the risk of local treatment failure is substantial and because local failure frequently contributes to patient death. 10 Despite the frequent administration of preoperative RT for extremity and retroperitoneal STS, there are limited data examining the impact of RT as monotherapy on shortterm end points such as radiographic tumor size or pathologic necrosis in the surgical specimen. For example, no study of preoperative RT to date has reported radiographic and pathologic response rates after treatment among patients with RPS. Among patients with extremity STS, Willett et al. reported C80% tumor necrosis in 78% of preoperatively irradiated patients. 11 The prevalence of greater degrees of pathologic necrosis in this study may have been the result of twice-daily (total dose 4770 cGy) fractionation in a substantial percentage of patients. Although these patients did experience higher overall amounts of tumor necrosis, there was no correlation between tumor necrosis and distant recurrence-free survival at the 80% threshold. 11 Hew et al. observed C80% tumor necrosis among 35% of patients treated with a oncedaily regimen of preoperative RT, a rate which was roughly comparable to that of the present study (25% of tumors demonstrated C80% tumor necrosis). 12 Similar to Willett et al., Hew et al. did not observe an association between C80% pathologic tumor necrosis and distant recurrence-free survival, suggesting that this threshold may not be a biologically significant surrogate end point. 12 A recent series from de Vreeze et al. demonstrated a 26% rate of complete pathologic response (100% necrosis) after preoperative RT. 13 Although this rate of tumor necrosis is greater than the current study, de Vreeze et al. had a higher proportion of patients with myxoid liposarcoma in their series, and the authors observed complete pathologic response among this entire subgroup of patients. Our findings do confirm the findings of de Vreeze et al. as well as those of other investigators that myxoid histology is consistently associated with favorable tumor necrosis after preoperative RT. 14, 15 Conversely, data regarding the association of tumor size and histologic grade with pathologic response are mixed, and our data indicate a lack of statistically significant association between these other clinicopathologic factors and tumor necrosis. 11, 12 Increasing data suggest that RECIST response is rare after neoadjuvant therapy for STS. [16] [17] [18] [19] Furthermore, changes in radiographic tumor size, as measured by RE-CIST, also seem to be a poor surrogate of disease control and oncologic outcome. 18, 20 Our findings are consistent with both of these conclusions and reaffirm that novel imaging end points for STS are needed. 17, 21 Although the duration of follow-up was relatively short in this series, preoperative RT followed by wide resection demonstrated excellent local control (100% local recurrencefree survival), even among patients with radiographically progressive disease after preoperative RT. Although nearcomplete pathologic response was associated with favorable oncologic outcome, the rarity of this event (8% of the cohort) rendered our study underpowered to detect differences in survival outcomes, and the survival rates of patients with near-complete pathologic response were not statistically different from those of the entire cohort. Although treatment-induced near-complete pathologic necrosis has been shown to correlate with STS outcome among patients treated with combination preoperative chemoradiation, this association has not been examined in studies of preoperative RT as monotherapy. 22, 23 Because RT is a local treatment modality, it is conceivable that tumor necrosis after RT monotherapy is not associated with oncologic outcomes (such as overall survival) that are governed by the development of distant disease. However, given the substantial toxicity of combination chemotherapy regimens for STS, there is widespread interest in novel investigational treatments for STS, particularly in combination with preoperative RT (http://www.clinicaltrials.gov/ ct2/results?term=neoadjuvant?sarcoma). This interest in novel neoadjuvant STS therapies highlights the need for additional studies to validate or refute near-complete pathologic response as a potentially important surrogate end point.
In summary, our data demonstrate that radiologic and near-complete pathologic responses are rare events after preoperative RT for STS. Near-complete pathologic response may be a potentially meaningful surrogate marker for disease outcome and is not predicted by RECIST response. Surrogate markers of disease response and prognosis are needed while waiting for longer oncologic follow-up, and knowledge of these historical response rates is important for the evaluation of novel neoadjuvant therapies for patients with STS.
